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ENZYME ELECTRODES 

The Government may own certain rights in this in- 
vention pursuant to Office of Naval Research Contract 
No. N00014-88-K-O4O1. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to electrodes that can selec- 
tively oxidize or reduce a biochemical in a solution. 
More particularly, it relates to electrodes that can trans- 
late the concentration of a biochemical to an electrical 
current, or can utilize an electrical current to selectively 
convert one biochemical to another. 

2. Description of the Related Art 

Enzyme based biosensors (i.e., electrochemical sen- 
sors capable of detecting the concentration of a single 
biochemical species in a medium containing a diverse 
mixture of other compounds) are used in an increasing 
number of clinical, environmental, agricultural and 
biotechnological applications. Amperometric enzyme 
electrodes typically require some form of electrical 
communication between the electrode and the active 
site of the redox enzyme that is reduced or oxidized by 
the substrate. However, the electrooxidation of a re- 
duced site or the electroreduction of an oxidized site 
(the rate, of which is proportional to the concentration 
of the enzyme substrate) is complicated by the fact that 
the active site is often located deep inside an insulating 
protein shell. Thus, redox enzymes such as glucose 
oxidase do not directly exchange electrons with simple 
metal electrodes. 

Historically, electrical communication between the 
enzyme and electrode has been achieved through the 
use of diffusing mediators. The first mediator employed 
for FAD-enzyme electrodes was the natural substrate 
of the flavin-linked oxidases, O2. example, the reaction 
of glucose oxidase (GO) is 

GO-FAD + glucose-^K>-FADH 2 + gluconolactone (1 ) 

GO-FADH2 + O2— FAD + H 2 0 2 (2) 

and the first commercial amperometric glucose sensors 
measured either the decrease in O2 concentration at an 
oxygen electrode, or the increase in H2O2 concentration 
at a platinum electrode. 

There were several problems associated with such 
devices: (1) the H2O2 degraded the enzyme. Nature 
alleviates this problem through the use of a second 
enzyme, usually catalase, which is present in high con- 
centrations in cells and catalyses the disproportionation 
of the H2O2; (2) the electrode current depended on the 
concentration of both the enzyme substrates, i.e., both 
glucose and O2; (3) measurement of the H2O2 concen- 
tration required both a highly catalytic electrode (e.g., 
Pt) and a potential (ca. 0.7 V vs. SCE) substantially 
positive of the reversible potential for the FADA 
FADH2 couple (E* is approximately equal to —0.4 V 
vs. SCE). This resulted in large spurious currents* due to 
a number of easily oxidized species in the system to be 
measured. Because of (2) and (3), the amperometric 
biosensors were not adequately substance-specific. 

The most recent devices have employed small diffus- 
ing redox shuttles (Ox/Red) such as ferrocenes, qui- 
nones, ruthenium ammines, components of organic met- 


GO-FADHj+Ox— GO-FAD+2 Red42H+ (3) 

where the reduced form of the shuttle (Red) is subse- 
quently electrooxidized. Catalase can be added to the 
system to protect the enzyme from H2O2. The potential 
at which these electrodes operate is only slightly posi- 
tive of the formal potential of the shuttle, and a highly 
active noble metal electrode is no longer required for 
the reaction. Thus, the spurious currents due to compet- 
ing species may be reduced. Still, in an oxygen contain- 
ing medium, there is a competition between the oxi- 
dized form of the shuttle (Ox) and oxygen for the re- 
duced form of the enzyme (GO-FADH2), equations (2) 
and (3). Thus, the electrode current will be independent 
of the oxygen concentration only insofar as the shuttle 
can compete effectively with O2. 

Enzyme electrodes such as those just described gen- 
erally require that the enzyme and shuttle be confined 
to the proximity of the electrode surface. The small 
shuttles commonly employed can, however, readily 
diffuse through the membranes that are needed to con- 
tain the enzyme, but permit the passage of the enzyme's 
substrate, e.g., glucose. Recently, a polymeric redox 
"wire" based on the poly(vinyl-pyridine) (PVP) com- 
plex of Os(bpyhCl (abbreviated POs 30 ; thel>py of the 
complex is 2,2 -bipyridine) has been introduced which 
electrically connects the enzyme to the electrode yet, 
by virtue of its molecular size, remains confined behind 
the enzyme-containing membrane. This polycationic 
redox polymer forms electrostatic complexes with the 
polyanionic glucose oxidase in a manner mimicking the 
natural attraction of some redox proteins for enzymes, 
e.g., cytochrome c for cytochrome c oxidase. 

Enzyme electrodes now in use are of several different 
types. One type of electrode amperometrically mea- 
sures the oxygen content of gas streams entering and 
leaving a reactor containing the substrate and its en- 
zyme. If oxygen is involved in the substrate's enzymatic 
oxidation, its level is depleted and the substrate concen- 
tration can be deduced from the decrease in the oxygen 
content of the gas. 

With a second type of enzyme electrode, a natural 
electroreactive product of the enzyme-catalyzed reac- 
tion is amperometrically monitored. For example, the 
enzymatic reaction of substrates like glucose or lactate 
with oxygen, catalyzed by some oxidases, produces 
hydrogen peroxide. Hydrogen peroxide can be elec- 
trooxidized and thereby the substrate concentration 
over a certain range can be translated into a current. 

In a third type of enzyme electrode, a non-natural 
redox couple mediates electron transfer from the sub- 
strate-reduced enzyme to the electrode. In this scheme, 
the enzyme is reduced by its natural substrate at a given 
rate; the reduced enzyme is in turn, rapidly oxidized by 
a non-natural oxidizing component of a redox couple 
that diffuses into the enzyme, is reduced, diffuses out 
and eventually diffuses to an electrode where it is oxi- 
dized. Here again, the oxidation current can be related 
to the concentration of the substrate. A specific example 
of such a redox mediator is the ferricinium carbox- 
ylate/ferrocene carboxylate couple that diffusionally 
mediates electron transfer from glucose reduced glu- 
cose oxidase to a carbon electrode. 

Most natural enzymes are not directly oxidized at 
electrodes, even if the latter are maintained at strongly 


5,262,035 

2 

als, and octacyanotungstates. In such electrodes, reac- 
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oxidizing potentials, without being destroyed. Also they (i.e. a redox compound capable of crosslinking with the 

are not reduced at strongly reducing potentials without enzyme). 

being decomposed. It has, however, been shown that When the compounds of each embodiment are mixed 
enzymes can be chemically modified by binding to their together under appropriate conditions, a chemical reac- 
proteins redox couples, whereupon, if in the reduced 5 tion takes place resulting in the formation of a cross- 
state, they transfer electrons to an electrode. Thus, linked (three-dixensional) redox polymer, with the 
amperometric glucose sensors have been made with redox enzyme bound within the crosslinked redox poly- 
glucose oxidase to which ferricinium/ferrocene func- mer network. 

tions have been chemically bound. It has also been It should be noted that in the alternative embodiment 

shown that when redox polycations in solution electro- 10 discussed above, the redox enzyme itself is used as the 

statically complex polyanionic enzymes, electrons will crosslinking agent to crosslink the redox compound into 

flow in these complexes from the substrate to the en- a three dimensional molecular structure. Most (if not 

zyme, and from the enzyme through the redox polymer, all) enzymes have multiple (more than two) functions 

to an electrode. Glucose electrodes have also been built that can react. Examples of such enzyme functions are 

with these complexes. 15 amine, phenol, tryptophane, thiol, and imidazole func- 

The current produced at a given substrate level can tions. 

depend on the concentration of the active enzyme mole- By "bound within" it is meant that the redox enzyme 

cules. It has been shown that natural reaction products, is contained or incorporated within the crosslinked 

like hydrogen peroxide, deactivate the enzyme. En- polymer structure in such a manner that the enzyme 

zymes are also continuously denatured. It has been 20 will not tend to diffuse out of the structure. Thus, for 

shown that the denaturing of enzymes can be retarded example, the enzyme may be chemically (covalently) 

by embedding the enzyme in a rigid three-dimensional bonded, electrostatically bonded, or hydrogen bonded 

polymer structure. It has been suggested that such em- to the polymer, and not simply physically bound or 

bedding fixes the protein structure of the enzyme, pre- trapped within cavities of the polymer surface, 

venting conformational changes that result in its even- 25 The term "crosslinkable compound" is used herein to 

tual denaturing. For example, chymotrypsin has been mean a compound containing at least two groups (i.e„ a 

stabilized by embedding it in crosslinked poly (methyl bi-or-multifunctional compound) capable of reacting 

methacrylate). with itself or another bi-or-multifunctional compound, 

SUMMARY OF THE INVENTION , n ""^ in J ? ac f°™ olecuJe - ^ term "crosslinking 

30 agent is used herein to mean a compound containing at 

Broadly, the invention relates to materials (and films least two functional groups capable of reacting with and 
formed from such materials) which include at least two crosslinking other compounds, i.e. it is the substance 
components that can combine to form a three dimen- that crosslinks the crosslinkable compound, 
sional moleoular structure. At least one of the compo- One particularly important application of these mate- 
nents comprises a redox compound, and at least one 35 rials is in the area of amperometric biosensors. How- 
other component comprises an oxidoreductase (herein- ever, it should be understood that these materials have 
after referred to as a redox enzyme). The resulting three other applications where it is desired to electrically 
dimensional molecular structure has multiple redox connect redox enzymes to electrodes, as in the elec- 
centers and has the redox enzyme bound within. trosyrthesis of biochemicals. 

When such materials are coated onto a surface, the 40 In another broad aspect of the invention, an electrode 

three dimensional molecular structure provides electri- is provided having a surface coated with a film of a 

cal contact between that surface and the redox enzyme. material of the class described above. The term "film" is 

In the three dimensional structure sigma bonds domi- used broadly to include any coating or layer of the 

nate the polymer's backbone, wherefore electron delo- material regardless of thickness or method of applica- 

calization is limited. 45 tion. 

The term "three dimensional molecular structure" as In another broad aspect, the present invention pro-, 

used herein means a structure in which covalent chemi- vides for the construction of enzyme electrodes em- 

cal bonds extend in three dimensions. The term is not ploying this class of materials. This process may involve 

meant to include a three dimensional structure formed the mixture of the enzyme and the various polymer 

by mere physical bonding of molecules, for example 50 components in a common solution followed by the 

through Van der Waals forces. application of the solution to an electrode surface. Vari- 

The term "redox compound" is used herein to mean ous application methods may be used, including (1) 

a compound that can be oxidized and reduced. The addition of drops of the solution onto the electrode 

redox compound may have one or more functions that surface; (2) dipcoating; (3) spincoating, or (4) spraying 

are reducible and oxidizable. Stated another way, the 55 the solution onto the electrode surface. The application 

term "redox compound" means a compound which step is followed by a curing step such as drying in air or 

contains one or more redox centers, "redox center" vacuum. 

meaning a chemical function that accepts and transfers Alternatively, the process may involve the addition 

electrons. of the enzyme and polymer components in separate 

In one embodiment, a material is provided compris- 60 solutions to the surface of the electrode, mixing, and 

ing a redox enzyme, a crosslinking agent, and a cross- then curing in air or vacuum. 

linkable compound capable of reacting with the cross- The preferred crosslinkable compounds for use in this 

linking agent and the redox enzyme. Either the cross- invention are hydrophilic, containing chemical groups 

linkable compound or the crosslinking agent, or both, ' such as alcohols, carboxylic acids, amines, amides, sul- 

have one or more redox centers. In an alternative em- 65 fonates, sulfates, phosphates and phosphonates. Such 

bodiment, a material is provided comprising a redox groups tend to promote the solubility of the compo- 

enzyme and a redox compound having two or more nents in water which facilitates contact with the water 

functional groups capable of reacting with the enzyme soluble enzymes. Such groups may also improve the 
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stability of the immobilized enzyme against denatura- 
tion. 

The redox compounds (or redox centers contained 
within compounds) used in this invention may be either 
organic or inorganic. Transition metal complexes with 
organic ligands such as bipyridine or cyciopentadiene 
are often preferred as redox centers because of their 
chemical stability in various oxidation states and their 
facile electron transfer kinetics. Typical examples of 
such complexes are the polyp yridine complexes of di-or 
trivalent osmium ions and the various derivatives of 
ferrocene (bis-cyclopentadienyl iron) or cobaltocene 
(bis-cyclopentadienyl cobalt). However, a number of 
organic redox centers may also be employed. The vari- 
ous derivatives of viologen (N,N'-bis alkyI-4,4'-bipyri- 
dine) constitute typical examples of this class. 

The preferred crosslinking agents are water soluble 
compounds that react under conditions where most 
enzymes are stable, that is around pH 7 and room tern- 


10 


15 


and other flavoenzymes) or, via the redox-centers of the 
polymer to the electrode. Only the latter process con- 
tributes to the current. Thus, it is desirable to make the 
latter process fast relative to the first. This can be ac- 
complished by (a) increasing the concentration of the 
redox centers (eg. the number of osmium complexes) in 
the film, or (b) assuring that these centers are fast, i.e. 
that they are rapidly oxidized and reduced. It is also 
desirable to make the redox centers oxidizing with re- 
spect to the reduced enzyme. This often increases the 
rate of transfer of electrons to the electrode. 

However, it is also true that the higher the oxidation 
potential of the redox couple, the more extraneous com- 
pounds may be oxidized by it, that is, the less selective 
is the electrode. Thus, there is an optimum range of 
oxidation potential for the redox couple for any given 
application. Similar arguments hold for electrodes 
which will be used in the reduction of enzymes. 
It should be appreciated that this description applies 


perature. Included in this category of crosslinking 20 equally to the operation of a biosensor (in the above 
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agents are multifunctional epoxides, aldehydes, imido 
esters, N-hydroxysuccinimide esters and carbodiimides. 
A number of reagents with limited solubility in water 
may also be used by dissolving them in a water-miscible 
organic solvent such as acetone, methanol, acetonitrile 25 
or dimethylformamide. Included in this category are 
reagents such as cyanuric chloride, tetrachloroben- 
zoquinone, benzoquinone and tetracyanoquinodime- 
thane. These reagents may react with one or more types 
of functions including amines, alcohols, thiols and car- 
boxylic acids which may be present on the surface of 
enzymes and may also be included in the structure of 
the redox compound. 

The electrodes to which the crosslinked redox poly- 
mer is applied can be made of any of a number of metals, 
semi-metals, or semiconductors. For example, gold, 
platinum, glassy carbon, or graphite electrodes may be 
used. 

In one preferred embodiment, osmium bis(2,2 'bipyri- 
dine) dichloride is coordinated to a poly(vinyl-pyridine) 40 
chain forming approximately one osmium bis(bipyri- 
dine) vinylpyridine chloride complex per five vinylpyri- 
dine units. The remaining vinylpyridines are quater- 
nized with bromoethylamine hydrobromide, leading to 
a very hydrophilic redox polymer containing pendant 45 
ethyiamine groups. This polymer may be dissolved in 
an aqueous solution containing the enzyme and a water 
soluble diepoxide, such as poly(ethylenc glycol diglyci- 
dyl ether). Upon applying the solution onto an elec- 
trode surface and drying in air or vacuum, the epoxide 50 
may react with both the ethyiamine pendant groups of 
the redox polymer and the surface lysine residues of the 
enzyme. This results in an enzyme-containing cross- 
linked redox polymer film on the electrode surface. 

The method of operation of such an enzyme elec- 55 
trode may be illustrated using a glucose electrode as an 
example. Upon immersion of the electrode into a solu- 
tion containing glucose, the glucose diffuses into the 
film where it may react with the glucose oxidase en- 
zyme forming gluconolactone and the reduced form of 60 
the enzyme. The reduced enzyme may then be oxidized 
by the osmium complex-containing polymer. Electrons 
are subsequently transferred through the polymer to the 
electrode. Thus, an electrical current proportional to 
the concentration of the enzyme substrate is achieved. 

Electrons from a substrate-reduced enzyme can be 
transferred either to the enzyme's natural re-oxidizer 
(oxygen in the case of glucose oxidase, lactate oxidase 
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case, a glucose sensor) or an electrosynthesizcr of bio- 
chemicals (in this case, gluconolactone, the product that 
is electrosynthesized). Thus, although in practice, the 
two devices may be differently configured, the scope of 
the present invention encompasses both biosensors and 
bioelectrosynthesizers, and related devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic drawing of a crosslinked redox 
polymer-enzyme electrode as provided by the present 
invention. 

FIG. 2 shows several examples of redox centers 
bound to multifunctional compounds capable of form- 
ing crosslinked polymers when reacted with crosslink- 
ing agents, including enzymes or other multifunctional 
compounds, in accordance with the present invention. 

FIG. 2A shows a crosslinkable redox compound, 
Polymer A. 

FIG. 2B shows a corsslinkable redox compound, 
Polymer B. 

FIG. 2C shows a crosslinkable redox compound, 
Polymer C. 

FIG. 2D shows a crosslinkable redox compound, 
Polymer D. 

FIG. 2E shows a crosslinkable redox compound, 
Polymer E. 

FIG. 2F shows a crosslinkable redox compound, 
Polymer F. 

FIG. 2G shows a crosslinkable redox compound, 
Polymer G. 

FIG. 3 shows several examples of crosslinking agents 
used by the present invention and some of the typical 
reactions which they undergo. 

FIG. 3A shows the epoxide crosslinking agent PEG- 
DGE. 

FIG. 3B shows reaction of PEG-DGE with amine. 

FIG. 3C shows reaction of the crosslinking agent 
cyanuric chloride with amine. 

FIG. 3D shows reaction of the crosslinking agent 
N-Hydroxysuccinimide with an amine. 

FIG. 4 shows a synthetic scheme for one of the pre- 
ferred crosslinkable redox polymers as provided by the 
present invention. 

FIG. 5 shows a number of cyclic voltammograms of 
a crosslinked redox polymer film containing glucose 
oxidase prepared according to the present invention. 
There is no glucose in solution. Scan rates (mV/sXa) 10, 
(b) 20, (c) 50, (d) 100, (e) 200. 
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FIG. 6 shows a cyclic voltammogram of the film used 
in FIG. 5 after addition of 40 mM glucose. Scan rate S 
mV/s, 

FIG. 7 shows a typical response curve (current den- 
sity versus substrate concentration) for a glucose elec- 5 
trode prepared in accordance with the present inven- 
tion. 

DETAILED DESCRIPTION OF THE 

PREFERRED EMBODIMENTS l0 

The materials and processes provided by the present 
invention, the crosslinked redox polymers and the in- 
corporation of redox enzymes in them, have particu- 
larly important applications in the manufacture of en- 
zyme electrodes of the type illustrated in FIG. 1. These 15 
electrodes may be used in such applications as ampe- 
rometric biosensors and the electrosynthesis of bio- 
chemicals. 

There are several advantages to an enzyme electrode 
system based on a crosslinked redox polymer. First, the 20 
use of crosslinked films on the electrode surface elimi- 
nates the requirement for a membrane which is often 
required in conventional systems to confine the enzyme 
to a small volume close to the electrode surface. Thus, 
the use of crcsslinked redox films tends to simplify the 
design and the manufacture of the enzyme electrode. 
Second, the process by which the electrodes are pro- 
duced is relatively simple, reproducible and can be 
easily automated. Third, the enzyme may be stabilized 3Q 
by its interaction with the polymer matrix, thus retard- 
ing thermal denaturation. Also, it may be physicaUy 
protected from attack by proteases in solution which 
are too large to diffuse through the polymer film. 
Fourth, the versatility of these materials allows the 35 
tailoring of properties for specific applications. For 
example, the redox potential, the hydrophilicity and the 
charge on the polymer may be adjusted as may the 
crosslinking method. Fifth, the transport of interfering 
electroreactive substances to the electrode surfaces 4$ 
and/or their adsorption on these surfaces can be re- 
tarded by appropriate design of the polymer. Sixth, the 
resulting electrodes are in general mechanically rugged 
and typically exhibit excellent stability during storage. 
Seventh, although enzymes are known to rapidly dena- 45 
ture on many surfaces, the polymer apparently tends to 
protect the enzymes from the surface of the electrode. 
Thus, virtually any electrode surface may be used for 
these enzyme electrodes. Additionally, such polymers 
in general appear to be substantially biocompatible. 50 

In one preferred embodiment, the water soluble 
crosslinking agent polyethylene glycol diglycidylether 
(PEG-DGE, FIG. 3) is used to react with redox com- 
pounds with amine functions and with amine functions 
of the lysine groups of the enzyme. The reaction be- 55 
tween epoxides and amines is particularly advantageous 
since the reaction (1) releases no low molecular weight 
species; (2) does not greatly change the local pH; (3) 
does not greatly change the charge on either the redox 
compound or the enzyme; and (4) is compatible with a 60 
number of different enzymes. PEG-DGE is also com- 
mercially available in a number of chain lengths. The 
reaction between PEG-DGE and amines proceeds very 
slowly in dilute aqueous solution. Thus, all the reactants 
may be combined in a single solution before the applica- 65 
tion step which greatly simplifies the manufacture of the 
electrodes. The crosslinking reaction may then proceed 
to completion when the solution is dried on the surface 
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of the electrode. The cure time for the film is 24 to 48. 
hours at room temperature. 

An enzyme electrode as provided by the present 
invention is shown schematically in FIG. 1. The elec- 
trode 10 has a surface 12 which is coated with a cross- 
linked redox polymer film 14. A redox enzyme 16 is 
bound to the polymer 14. The polymer 14 electrically 
connects the electrode 10 to the enzyme 16. 

Various preferred crosslinkable compounds contain- 
ing redox active centers are shown in FIG. 2. Polymer 
A and Polymer F are representative of that class of 
compounds which require only the addition of enzymes 
to form crosslinked films, i.e. the enzyme is the only 
required crosslinking agent The other compounds are 
representative of that class of compounds which do not 
react directly with chemical functions on the enzyme. 
They therefore require a separate crosslinking agent 
such as those illustrated in FIG* 3. 

FIG. 3 shows three representative classes of cross- 
linking agents, and their reactions with a typical organic 
compound having an amine group, represented as 
RNH2- The crosslinking agents shown are an epoxide 
(e.g. PEG-DGE), cyanuric chloride, and an N-Hydrox- 
ysuccinimide. 

Characteristic cyclic voltammograms of a film con- 
taining Polymer F, glucose oxidase and triethylenetet- 
raamine in the absence of glucose on glassy carbon are 
shown in FIG. 5, The almost symmetrical shape of the 
oxidation and reduction waves, and the fact that the 
peak currents do not decrease over time show that the 
polymer film is strongly attached to the electrode sur- 
face and in good electrical contact with it. The fact that 
the peak shape changes very little upon increasing the 
scan rate from 10 mV/s to 200 mV/s is evidence for fast 
electron transfer through the polymer film. 

FIG. 6 shows a cyclic voltammogram of the same 
film as FIG. 5 after the addition of glucose to a final 
concentration of 40 mM. A catalytic oxidation is exhib- 
ited as the electrons are transferred from the glucose- 
reduced enzyme to the redox polymer and from the 
redox polymer to the electrode. 

A typical response curve of a Polymer C-glucose 
oxidase-PEG-DGE film is shown in FIG. 7. As the 
glucose concentration is increased the current response 
follows the characteristic Michaelis-Menten behavior 
of the enzyme. 

EXAMPLES 

The following examples are designed to illustrate 
certain aspects of the present invention. The examples 
are not intended to be comprehensive of all features and 
all embodiments of the present invention, and should 
not be construed as limiting the claims presented herein. 

EXAMPLE 1 

The synthetic scheme for this example is illustrated 
FIG. 4. cis - Bis(2,2'-bipyridine-N,N') dichloroos- 
mium (II) (Osbpy2Ch) was prepared by a standard 
literature procedure (Lay, P.A.; Sargeson, A.M.; 
Taube, H„ Inorg. Syn. 1986, 24, 291). Polyvinylpyri- 
dine (PVP), nominal molecular weight 50,000, was 
purchased from Polysciences, Inc. and purified three 
times by dissolution in methanol and precipitation with 
ether. 0.494 gram OsCbpyfcCh and 0.430 gram PVP 
were added to 18 mis. of ethylene glycol in a round 
bottom flask under nitrogen. The mixture was slowly 
heated to reflux (196* C.) and maintained at reflux for 
about 105 minutes. It was then cooled to room tempera- 
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lure and 30 mis. of dimethylformamide (DMF) was acetate. The resulting polymer (PVP-Osbpy 2 Cl) was 

added. 1.3 gram bromocthylaminc hydrobromide was filtered and dried in vacuum. 

added to the mixture which was then stirred at about 0.31 gram PVP-Osbpy2Cl and 0.12 gram 2-bromoe- 
35* C overnight. The polymer solution was then thanol were dissolved in 25 mis. DMF and refluxed for 
poured into a rapidly stirred solution of acetone and the 5 30 minutes. Then about 1 gram (a large excess) of 
precipitate was filtered, washed with acetone and bromoacetoxysuccinimide was added and the solution 
stored in a vacuum dessicator. The approximate struc- was heated at 40° C for about 2 hours. It was then 
ture of this polymer is shown in FIG. 2 (Polymer C). cooled, poured into stirred acetone, filtered and stored 
Three solutions were made up in aqueous 10 mM in a vacuum dessicator. This procedure led to a polymer 
HEPES buffer at pH 8:1: 10 whose approximate structure is shown in FIG. 2 (Poly- 
Solution t contained 10 mg/ml polymer C mer A). 

Solution 2 contained 5 mg/ml glucose oxidase A solution of 22 mg/ml Polymer A in deionized 
Solution 3 contained 2.7 mg/ml PEG-DGE water was prepared immediately before use. Another 
The enzyme containing solution was made up fresh solution in 0.1 M HEPES buffer was prepared contain- 
every day; the other two solutions were stable for at 15 ing 22 mg/ml glucose oxidase and l.l microliter/ml 
least one month. 15 microliters of solution 1, 15 microli- catalase solution. 10 microliters of each solution were 
ters of solution 2 and 5 microliters of solution 3 were mixed on the surface of a 6 mm diameter graphite rod 
thoroughly mixed in a vial and 3 microliters of the electrode and cured at room temperature for 24 hours in 
mixture was deposited onto a glassy carbon disk elec- vacuum. In a solution containing 31 mM glucose, this 
trode (4.5 mm in diameter). The electrode was then 20 electrode exhibited a current density of about 300 mi- 
placed in a vacuum dessicator for 24 hours. Upon expo- croA/cm 2 when held at a potential of 0.45 volt relative 
sure to solutions containing high concentrations of glu- to the SCE. Under these conditions, but in the absence 
cose (=60 mM), such electrodes commonly exhibited of glucose, the electrode gave a background current 
current densities of 400-1 100 micro A/cm 2 at a potential density of about 4 micro A/cm 2 . In such films the poly- 
in the 0.35-0.45 volt range measured relative to the mer probably reacts with the lysines on the enzyme 
potential of the Standard Calomel Electrode (SCE). In surface resulting in a crosslinked film. Small amounts of 
the absence of glucose, the current density was approxi- an additional polyamine, for example, triethylenetetraa- 
mately 1 microA/cm 2 . mine, may also be added to such films to improve their 

EXAMPLE 2 30 Ph ^vf Jp? P c e, l ieS - 

EXAMPLE 4 

The procedure of Example 1 was repeated but cyanu- The synthetic procedure of Example 3 was repeated 

ric chloride was used as the crosslinking agent in place with the substitution of 3-bromopropionyl chloride for 

of PEG-DGE. In this case the polymer and enzyme bromoacetyl chloride. The resulting polymer contain- 

were made up in 100 mM phosphate buffer solution at 35 ing esters of hydroxysuccinimide was dispersed in 

pH 7.1. 2 microliters each of the polymer and enzyme DMF and a large excess of ethanolamine was added, 

solution were mixed on the electrode surface with 0.5 The mixture was stirred overnight at room temperature, 

microliters of an acetonitrile solution of cyanuric chlo- filtered and poured into stirred tetrahydrofuran (THF). 

ride (20 mM). This crosslinking reaction is quite fast and The precipitate was filtered and dried. This procedure 

the electrode films required a curing time of only about 40 led to a polymer whose approximate structure is shown 

30 minutes in air or vacuum. Upon exposure to solutions in FIG. 2 (Polymer B). 

containing high concentrations of glucose (^60 mM), Three solutions were made up in 10 mM HEPES at 

such electrodes commonly exhibited current densities pH 8.4: 

of 80-120 microA/cm 2 at a potential in the 0.35-0.45 Solution 1 contained IO mg/ml Polymer B 

volt range measured relative to the SCE. In the absence 45 Solution 2 contained 8 mg/ml glycerol-3-phosphate 

of glucose, the current density was approximately 1 oxidase 

microA/cm 2 . Solution 3 contained 4 mg/ml cyanuric chloride in 

EXAMPLE 3 acetonitrile 

5 microliters each of solutions 1 and 2 were mixed on 
9.6 mis. bromoacetyl chloride was dissolved in 120 ml 50 the surface of a glassy carbon disk electrode with 2 
of methylene chloride and cooled to 0* C. under nitro- microliters of solution 3. The electrode was dried in 
gen, 13.4 gram N-hydroxysuccinimide and 11.8 gram vacuum for 50 minutes. In the presence of 10 mM L- 
triethylamine were dissolved in 50 ml of methylene alpha-glycerophosphate this electrode exhibited a cur- 
chloride and slowly dripped into the cold solution of rent density of 30 microA/cm 2 when held at a potential 
acid chloride over 30 minutes. The solution was stirred 55 of 0.45 volts relative to the SCE reference. In the ab- 
for an additional 20 minutes. Then ice water was added, sence of a L-alpha-glycerophosphate, the current den- 
the phases were separated, the organic phase was sity was l.l microA/cm 2 at the same potential, 
washed two more times with ice water, once with satu- 

rated sodium chloride solution and dried over magne- EXAMPLE 5 
sium sulfate. The solution was concentrated under vac- 60 N-methyl-4,4'-bipyridinium iodide (monoquat) was 
uum until crystals started to appear. Then hexane was synthesized by a standard technique. 1.13 gram mono- 
added and the solution was cooled to 0° C. The crystals quat was dissolved in 70 mis. acetonitrile and 25 mis. 
of bromoacetoxysuccinimide were filtered and dried in DMF. 9.0 mis. 1,4-dibromobutane was added and the 
a vacuum dessicator. solution was refluxed overnight. It was then cooled, the 
0.507 gram OsbpyjCh and 0.507 gram PVP were 65 precipitate was filtered, washed with acetone and dried, 
reacted in refluxing ethylene glycol for 30 minutes, the The mixed bromo,iodo salt of the resulting viologen 
solution was then cooled, 20 mis. of acetone was added was dissolved in water, filtered and precipitated as the 
and the mixture was poured into rapidly stirred ethyl hexafluorophosphate (PF$) salt through addition of 


05/26/2004, EAST Version: 1.4.1 


SPL (mV) 



rn 

3> 

O 

< 
Z 

o 
> 

CI 


o 

30 


CI 
CO 

m 

3> 

-n 
— t 

3 
> 
S 

-( 
o 


8 

rn 
O 


2l 
Pi 

Uj 


- CD 


060'8Z6> njori»B 0661^^ jraptf'STl 


11 


5,262,035 


ammonium hexafluorophosphate. This was filtered and 
dried in vacuum. 

0.50 gram PVP and 1.50 gram viologen were dis- 
solved in 60 mis. of DMF and heated to 68° C. over- 
night. Then about 2grams of 2-bromoethylamine hydro- 5 
bromide was added to the war solution. After about 90 
minutes, the DMF was decanted from the precipitated 
polymer, and the polymer was dissolved in water, fil- 
tered and precipitated as the PFe salt This was dried, 
then redissolved in DMF containing 2-bromoethyla- 10 
mine hydrobromide. After further wanning at 68° C. 
overnight, much of the polymer had precipitated. Tet- 
rabutyl ammonium bromide was added to precipitate 
the rest which was filtered and washed with methylene 
chloride. The very hygroscopic polymer was stored in 15 
a vacuum dessicator. The approximate structure of this 
polymer (Polymer D) is shown in FIG. 2. 

Three solutions were made up in 10 mM HEPES 
buffer at pH 8:1: 
Solution 1 was 5 mg/ml Polymer D 
Solution 2 was about 5 mg/ml nitrate reduces 
Solution 3 was 2.7 mg/ml PEG-DGE 
25 microliters of solutions 1 and 2 were thoroughly 
mixed with 10 microliters of solution 3. 4 microliters of 
this mixture was applied to the surface of a 3 mm diame- 
ter glassy carbon disk electrode and cured overnight in 
a vacuum at room temperature. Upon exposure of this 
electrode to a deaerated solution containing 25 mM 
nitrate, a reduction current density of 22.6 micro A/cm 2 30 
was recorded at a potential of —0.8 volts relative to the 
SCE reference. Under the same conditions in the ab- 
sence of nitrate ion the background current density was 
7,0 microA/cm 2 . 


12 


20 


25 


EXAMPLE 6 


35 


4'-Methyl,4'-(4-bromobutyl) bipyridine, made from 
the monolithium salt of dimethylbipyridine and 1,4- 
dibromobutane, was used as a starting material. 1.11 
gram of this was dissolved in 50 mis. of ethylene di- ^ 
amine and warmed to about 80° C. for 2.5 hours. The 
solvent was then removed under vacuum, the residue 
was dissolved in ethyl acetate and the product was 
extracted into aqueous solution at pH 5.1. The aqueous 
solution was washed with methylene chloride. It was 45 
then made basic and the product was extracted into 
methylene chloride, washed with water, dried and 
evaporated. 

190 mgs of the resulting 4-methyl,4'-(butylaminoe- 
thylamine) bipyridine was dissolved in 4 mis. DMF and 50 
144 mgs of K2OSCI6 was added and refluxed for 1 hour. 
Water and dilute HC1 were added to the DMF solution, 
it was filtered and the product was precipitated by the 
addition of ammonium hexafluorophosphate. The prod- 
uct was dried under vacuum. The structure of this com- 55 
pound is shown in FIG. 2 (Polymer G). 

A 3mm glassy carbon disk electrode was made by 
applying 3 microliters of 5 mg/ml glucose oxidase in 10 
mM HEPES buffer pH 8.1 ( 1 microliter of 2.7 mg/ml 
PEG-DGE in the same buffer and 3 microliters of 10 60 
mg/ml Polymer G in acetonitrile. The electrode was 
cured overnight in vacuum. Upon exposure to a solu- 
tion containing a high concentration of glucose (^60 
mM), this electrode exhibited a current density of 2. 1 • 
microA/cm 2 when held at a potential of 0.15 V relative 65 
to the SCE reference. The background current density 
in the absence of glucose was 0.84 micro A/cm 2 at the 
same potential. 


This invention has been disclosed in connection with 
specific embodiments. However, it will be apparent to 
those skilled in the art that variations may be under- 
taken without departing the spirit and scope of the 
invention. 

What is claimed is: 

1. An electrode having a surface coated with a film, 
the film comprising: 

a crosslinked polymer having multiple redox centers; 
and 

a redox enzyme bound within the crosslinked poly- 
mer, 

wherein the crosslinked polymer provides electrical 
contact between the electrode and the enzyme. 

2. The electrode of claim 1, wherein the crosslinked 
polymer includes a plurality of transition metal com- 
plexes, each complex having a plurality of organic li- 
gands. 

3. The electrode of claim 2, wherein the transition 
metal comprises osmium. 

4. The electrode of claim 1, wherein the crosslinked 
polymer includes a plurality of organic redox centers. 

5. An amperometric biosensor having an electrode as 
recited in claim 1. 

6. The amperometric biosensor of claim 5, wherein 
the electrode is capable of selectively sensing one of the 
following biochemicals: glucose, lactate, glycerol-3- 
phosphate, L-amino acids, or D-amino acids. 

7. The amperometric biosensor of claim 5, wherein 
the electrode is capable of selectively sensing nitrate. 

8. A bioelectrosynthesizer having an electrode as 
recited in claim 1. 

9. The electrode of claim 1, wherein the redox en- 
zyme is covalently bonded to the crosslinked polymer. 

10. An electrode having a surface coated with a film, 
the film comprising: 

a hydrophilic cross-linked polymer having multiple 
redox centers; and 

a redox enzyme bound within the cross-linked poly- 
mer, wherein the cross-linked polymer provides 
electrical contact between the electrode and the 
enzyme. 

11. An electrode made of a material selected from the 
group consisting of gold, platinum, glassy carbon and 
graphite, said electrode having a surface coated with a 
film, the film comprising: 

a cross-linked polymer having multiple redox centers; 
and 

a redox enzyme bound within the cross-linked poly- 
mer, wherein the cross-linked polymer provides 
electrical contact between the electrode and the 
enzyme. 

12. The electrode of claim 11, wherein the resulting 
electrode exhibits current densities in excess of 10 micro 
Amps/cm 2 in the presence of substrate. 

13. The electrode of claim 12, wherein the resulting 
electrode exhibits current densities in excess of 100 
micro Amps/cm 2 in the presence of substrate. 

14. The electrode of claim 13, wherein the resulting 
electrode exhibits current densities in excess of 1000 
micro Araps/cm 2 in the presence of substrate. 

15. An electrode having a surface coated with a film, 
the film comprising: 

a cross-linked polymer having multiple redox centers; 
and 

a redox enzyme bound within the cross-linked poly- 
mer, wherein the cross-linked polymer provides 
electrical contact between the electrode and the 
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enzyme, and wherein the resulting electrode has an 
operating potential in the range of 0.1V to 0.5V 
versus the Standard Calomel Electrode. 

16. An electrode having a surface coated with a film, 
the film comprising: 

a cross-linked polymer having multiple redox centers; 
and 

a redox enzyme bound within the cross-linked poly- 
mer, wherein the cross-linked polymer provides 


14 


10 


electrical contact between the electrode and the 
enzyme, and 

wherein the resulting electrode exhibits current den- 
sities in excess of 10 micro Amps/cm 3 in the pres- 
ence of substrate. 

17. The electrode of claim 16 wherein the resulting 
electrode exhibits current densities in excess of 100 
micro Amps/cm 2 . 

18. The electrode of claim 17 wherein the resulting 
electrode exhibits current densities in excess of 1000 
micro Amps/cm 2 . 
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